In oxygen-limited environments, denitrifying bacteria can switch from oxygen-dependent respiration to nitrate (NO 3 − ) respiration in which the NO 3 − is sequentially reduced via nitrite (NO 2 − ), nitric oxide (NO) and nitrous oxide (N 2 O) to dinitrogen (N 2 ). However, atmospheric N 2 O continues to rise, a significant proportion of which is microbial in origin. This implies that the enzyme responsible for N 2 O reduction, nitrous oxide reductase (NosZ), does not always carry out the final step of denitrification either efficiently or in synchrony with the rest of the pathway. Despite a solid understanding of the biochemistry underpinning denitrification, there is a relatively poor understanding of how environmental signals and respective transcriptional regulators control expression of the denitrification apparatus. This minireview describes the current picture for transcriptional regulation of denitrification in the model bacterium, Paracoccus denitrificans, highlighting differences in other denitrifying bacteria where appropriate, as well as gaps in our understanding. Alongside this, the emerging role of small regulatory RNAs in regulation of denitrification is discussed. We conclude by speculating how this information, aside from providing a better understanding of the denitrification process, can be translated into development of novel greenhouse gas mitigation strategies.
INTRODUCTION
Bacteria are able to survive in a wide range of constantly fluctuating environments. The ability to thrive in such dynamic surroundings will depend on the ability of the bacteria to adapt its metabolic apparatus to utilise changes in both carbon source and electron acceptor availability. In particular, a high degree of flexibility is required to deal with temporal fluctuations in oxygen availability (Richardson et al. 2009) . One way some bacteria are able to cope with low oxygen levels is by using a process termed denitrification. In oxygen-limited environments, such as those encountered in a water logged soil, denitrifying bacteria can switch from O 2 -respiration to nitrate (NO 3 − ) respiration in which NO 3 − is converted via nitrite (NO 2 − ), nitric oxide (NO) and N 2 O to dinitrogen (N 2 ). Four essential reductases that sequentially reduce nitrate (nar), nitrite (nir), nitric oxide (nor) and nitrous oxide (nos) to dinitrogen are required for complete denitrification (Zumft 1997) . Many years' worth of work by many different groups across the globe has helped develop a comprehensive understanding of the biochemistry of the enzymes that catalyse the reactions of denitrification (Nar, Nir, Nor and Nos). Many Gram-negative bacteria catalyse the reduction of nitrate using a membrane-bound nitrate reductase (Nar); however, it is important to note that in some other bacteria, this reaction is instead performed by a periplasmic nitrate reductase (Nap) (Bedmar, Robles and Delgado 2005) . Both ATP and growth yield from oxygen respiration are significantly higher than from denitrification (Strohm et al. 2007) . Therefore, it is energetically efficient to downregulate the denitrification enzymes in the presence of oxygen. A strict regulation of the downstream NO x reductases is also likely to be essential to avoid accumulation of the toxic denitrification intermediates NO and, to a lesser extent, NO 2 − , depending on the pH (Baumann et al. 1997) . Another important intermediate produced during denitrification is N 2 O. Under certain conditions, the final step in denitrification is not performed efficiently and as a result N 2 O is released into the atmosphere (Felgate et al. 2012) . Crucially, N 2 O is a potent greenhouse gas with, moleculefor-molecule, an approximately 300-fold greater global warming potential than CO 2 . It has also been described as the biggest single cause of ozone depletion over the Arctic (Ravishankara, Daniel and Portmann 2009) . The atmospheric loading of N 2 O is increasing by 0.25% each year, it has a long atmospheric lifetime of approximately 150 years and contributes to approximately 9% of the global radiative forcing of total greenhouse gas emissions (Richardson et al. 2009; Skiba et al. 2012; Smith et al. 2012) . The only known biological sink for N 2 O is through its reduction to N 2 by N 2 O reductase NosZ (Richardson et al. 2009 ).
Despite the global importance of denitrification and everincreasing N 2 O emissions, comparatively little work has been carried out to map the regulatory networks that modulate the assembly and activity of the denitrification apparatus at the level of gene expression. The Gram-negative α-proteobacteria Paracoccus denitrificans is arguably the best-studied bacterial denitrifier so this minireview focuses mainly on the study on transcriptional regulators in this organism as a paradigm, but also highlights key differences in other organisms where relevant. Paracoccus denitrificans is often described as a soil-dwelling bacterium, but is found in a wide range of terrestrial and aquatic environments. Paracoccus denitrificans has become a model organism for two key reasons: first, it is biochemically and genetically tractable and second, it grows well under denitrifying conditions in the laboratory (Spiro 2017) .
THE ROLE OF FnrP, NNR AND NarR IN REGULATING DENITRIFICATION IN P. DENITRIFICANS
In P. denitrificans, the expression of the Nar, Nir, Nor and Nos enzymes is regulated, at the level of gene expression, by environmental signals that include (but probably are not limited to) nitrate, nitrite, NO, oxygen and copper. This transcriptional regulation is controlled, at least in part, by regulators FnrP (fumarate and nitrate reduction protein), NNR (nitrite reductase and nitric oxide reductase regulator) and NarR (nitrate reductase regulator) (summarised in Fig. 1 ), which are all members of the FNR (fumarate and nitrate reduction)/CRP (cyclic-AMP receptor protein) super family of transcriptional regulators.
FnrP acts as a transcriptional activator of the nar and nos operons in P. denitrificans in response to oxygen and NO, as indicated in Fig. 1 (Van Spanning et al. 1997; Bergaust et al. 2012 ). An FnrP mutant strain of P. denitrificans shows a 5-fold reduction in its growth rate under anaerobic, denitrifying conditions, compared to wild-type P. denitrificans. The activity of Nar in this strain is reduced by 3-fold, whilst Nir activity remained at a comparable level to that of the wild-type strain (Van Spanning et al. 1997) (Crack et al. 2016) . However, there has been some discussion as to whether this accurately reflects the physiologically relevant response of potentially much lower levels of NO found in denitrifying cultures (Spiro 2017) . Despite this, this in vitro work agrees well with work from other groups that provided in vivo evidence that, as well as its function as an O 2 sensor, FnrP regulates gene expression of target genes in response to NO (Bergaust et al. 2012) . Paracoccus denitrificans encodes a second transcriptional regulator, NNR, which is homologous to the FnrP protein, although it lacks the N-terminal cysteines. NNR activates the expression of the genes encoding the nitrite (nir) and nitric oxide reductases (nor) (Van Spanning et al. 1995 ). An NNR mutant strain of P. denitrificans shows a 2-fold reduction in its growth rate under anaerobic, denitrifying conditions, compared to wild-type P. denitrificans. This mutant strain accumulates nitrite and was completely deficient in Nir activity. This initial characterisation of a NNR mutant showed no effect on Nos activity, but more recent work suggests that NNR does regulate transcription of the nos operon (Bergaust et al. 2012) . Like FnrP, NNR is sensitive to oxygen and NO. NNR has been shown to be rapidly inactivated following a shift to aerobic growth conditions, indicating that oxygen directly inactivates the protein. Genetic manipulation of NNR showed that mutant NNR alleles encode NNR proteins that have significant activity in anaerobic cultures in the absence of NO, but remain inactive in aerobic cultures. Therefore, NNR is a dual sensor of both oxygen and NO, and this work suggested that a haem-based mechanism would provide a way for NNR to sense both these entities (Lee, Shearer and Spiro 2006) .
The third member of the FNR/CRP encoded by P. denitrificans is the nitrite/nitrate-sensitive NarR protein. This is the least studied of the three FNR/CRP family members, but has been shown to respond to nitrate and/or nitrite (indicated in Fig. 1 ). NarR was shown to be needed for maximal expression of Nar but had no other regulatory function related to denitrification. NarR has also been shown to require nitrate and/or nitrite is order to activate gene expression. However, it is also possible that NarR responds in an indirect way to nitrate and/or nitrite (Wood et al. 2001; Bergaust et al. 2012) .
It is interesting to speculate why in P. denitrificans and in many other species of denitrifiers, as will become clear throughout the review, regulation of denitrification is controlled by multiple FNR/CRP type proteins. For example, in P. denitrificans FnrP, NNR and NarR all have DNA-binding motifs, which are, at the sequence level, indistinguishable (Spiro 2017) . Indeed, in one of the first descriptions of the role of FnrP and NNR, it was postulated that currently unidentified factors are likely to be important in the control mechanisms of these regulators. This remains an important and interesting question.
THE ROLE OF FnrP AND NNR HOMOLOGUES IN REGULATING DENITRIFICATION IN OTHER DENITRIFIERS
Homologues of FNR proteins also exist in many other bacterial denitrifiers, including Pseudomonas species. In Pseudomonas species, control of transcriptional regulation of genes involved in denitrification is, much like in P. denitrifcans, dominated by members of the FNR/CRP super family of transcriptional regulators. In P. aeruginosa, an FnrP equivalent known as ANR (anaerobic regulator of arginine deiminase and nitrate reductase) activates transcription of a gene cluster that encodes a nitrate transporter and nitrate reductase in response to limited oxygen viability (Schreiber et al. 2007) . ANR works in much the same way as P. denitrificans FnrP, in that it has a [4Fe-4S] cluster, which upon exposure to oxygen or NO is partly destroyed resulting in the transcription factor losing its ability to bind to DNA and regulate gene expression (Yoon et al. 2007 ). In addition, ANR acts to promote transcription of a second regulator DNR (dissimilatory nitrate respiration regulator), and in turn, DNR activates transcription of nir and nor in response to NO (Arai, Kodama and Igarashi 1997) . DNR acts as a haem-based NO sensor, the haem is 6-coordinate; external NO and CO can replace an internal ligand and specific DNA binding occurs only when the haem is nitrosylated (Lobato et al. 2014) .
Pseudomonas stutzeri encodes four FNR-type proteins. Three of the FNR homologues, known as dnrD, dnrE and dnrS, encode regulators of a separate subgroup within the FNR family. The main difference between these proteins and other members of the family is the lack of cysteine residues for complexing the [4Fe-4S] centre typical of redox-active FNR-type regulators. Interestingly, they also form a phylogenetic lineage separate from the FixK branch of FNR proteins (covered later in the review), which also do not have the characteristic cysteine motif. DnrD is a key regulator of denitrification and works by activation of expression of the genes for nitrite reductase and NO reductase (Vollack et al. 1999) . The final FNR homologue, known as FnrA, perhaps surprisingly, has no role in denitrification (Cuypers and Zumft 1993) .
More recently, the work of some groups has turned to focus on the role of regulators during denitrification in the marine environment. One marine species where the role of FNR-like proteins has been addressed is the heterotrophic α-proteobacterium Dinoroseobacter shibae. Dinoroseobacter shibae encodes seven FNR/CRP-like regulators (Wagner-Dobler et al. 2009 ). Four of these regulators, FnrL, DnrD, DnrE, and DnrF, have been shown to work in concert in a regulatory network during denitrification. Only FnrL contains cysteine residues potentially involved in iron-sulfur cluster formation and so plays the crucial role as an oxygen-sensitive activator of the denitrification genes in this bacteria (Ebert et al. 2017) .
There are also numerous proteins homologous to NNR in a wide range of denitrifiers. Rhodobacter sphaeroides encodes a homologue called NnrR. Mutation of nnrR prevents growth on nitrite, as well as the reduction of nitrite and NO. NnrR was shown to be a transcriptional activator of nitrite reductase and nitric oxide reductase (Tosques et al. 1996) . In addition, R. sphaeroides encodes an additional regulator known as nnrS and expression of nnrS is controlled by NnrR (Bartnikas et al. 2002) .
Bradyrhizobium diazoefficiens (previously known as Bradyrhizobium japonicum) is a soybean symbiont that can fix nitrogen and perform denitrification. Bradyrhizobium diazoefficiens encodes a regulator homologous to NNR. Mutation of NNR left B. diazoefficiens unable to grow anaerobically on nitrate or nitrite. NnrR controls expression of nir and nor genes in response to NO (Mesa et al. 2003; Bueno et al. 2017) . Bradyrhizobium diazoefficiens NnrR works to regulate expression of denitrification genes alongside FixLJ-FixK 2 . In this system, B.diazoefficiens utilises a cytoplasmic histidine kinase, known as FixL as a sensor for oxygen. Low oxygen levels cause FixL to undergo autophosphorylation, and in turn, transfer the phosphate group to FixJ. In turn, FixJ activates FixK2 that induces expression of the napEDABC, nirK, nor-CBQD and nosRZDYFLX denitrification genes Torres et al. 2017 ) as well as other regulatory genes [e.g. rpoN1, fixK1 and nnrR (Mesa et al. 2003 (Mesa et al. , 2008 ]. Thus, NnrR adds an additional control level to the FixLJ-FixK2 cascade integrating the NO signal necessary for induction of norCBQD genes expression in B. diazoefficiens (Mesa et al. 2003; Bueno et al. 2017) . Most recently, it has been shown that FixK 2 regulates expression of the nos operon in response to low oxygen availabilities in B. diazoefficiens .
There are other additional proteins that play roles in regulating denitrification in B. diazoefficiens that are homologous to RegAB, a histidine kinase/response regulator pair that is involved in modulating gene expression in response to redox changes (Elsen et al. 2004) . In B. diazoefficiens, they are known as RegSR. RegR plays a key role in activation of expression of B. diazoefficiens nor and nos operons, in response to nitrate and low oxygen levels (Torres et al. 2014) . Paracoccus denitrificans encodes homologues of RegAB, but the role of these, if any, in regulation of denitrification is yet to be determined in this organism. Furthermore, a third oxygen-responsive regulatory cascade mediated by the nitrogen fixation regulatory protein NifA is also used in regulation of denitrification in B. diazoefficiens. Mutation of nifA caused slower growth of B. diazoefficiens when grown under denitrifying conditions and reduced expression of nir and nor. NifA is part of the σ 54 enhancer-binding protein family but perhaps surprisingly, the activity of NifA in this context is independent of σ 54 (Bueno et al. 2010) . It seems increasingly clear that regulation of denitrification in B. diazoefficiens is much more complicated than in other denitrifying bacteria. It has been suggested that this is likely due to the lifestyle of this organism as a soybean symbiont, where denitrification may be playing a key role (Meakin et al. 2007; Spiro 2017) . The vast majority of work on transcriptional regulators of denitrification has been in denitrifying bacteria. However, recent work has, for the first time, described a transcriptional regulator of denitrification in the archaea (Hattori et al. 2016) . NarO is encoded upstream of the respiratory nitrate reductase gene of Haloferax volcanii. Disruption of the narO gene resulted in inhibited growth under denitrifying conditions, with the expression of the recombinant NarO allowing growth to be restored. A novel CXnCXCX 7 C motif in the N terminus of NarO was identified and showed to be well conserved showing in homologous NarO proteins found in other haloarchaea (Hattori et al. 2016 ).
OTHER ENVIRONMENTAL FACTORS IMPORTANT IN REGULATION OF DENITRIFICATION
FNR, NNR and NarR are crucial regulators in term of sensing and responding to oxygen and denitrification intermediates. However, it is also important for denitrifiers to sense and respond to other external factors. For example, it has been appreciated for many years that copper is an important factor in NosZ activity but recent transcriptomic analyses demonstrated the importance of copper in regulating expression of the nos operon at the level of gene expression. This work also demonstrated the importance of the accessory proteins NosC and NosR in copperdependent expression of the nos operon (as indicated in Fig. 1) , with their exact role in the process still to be determined (Sullivan et al. 2013 ). This paper also showed that the downregulation of expression of nosZ in copper-limited environments leads to net emission of N 2 O, which in turn fine-tunes expression of genes controlled by vitamin B 12 riboswitches because N 2 O inactivates vitamin B 12 (Sullivan et al. 2013) .
A similar recent study investigated the effect of zinc depletion on the P. denitrificans transcriptome and showed that genes encoding nitric oxide reductase (norCB) and nitrite reductase (nirS) were upregulated. Interestingly, nosC was also shown to be upregulated nearly 10-fold. Additionally, the data also suggested that the norCB genes are directly regulated by the zinc uptake regulator (Zur). This is an interesting and currently unexplained result, with the authors acknowledging that more work is required to understand the physiological function of regulatory crosstalk between zinc limitation and denitrification (Neupane et al. 2017) .
Other environmental factors including pH have also been linked to the transcriptional regulation of the enzymes involved in denitrification. In particular, it has been well documented that the ratio N 2 O:N 2 produced is increased when the pH of soils is lower (reviewed byŠImek and Cooper 2002). There has been some suggestion that pH can impact expression of nosZ. In a mixed culture experiment using soils from field experiments, the nosZ: nirS ratio was higher in pH 6.1 than in pH 8.0 soil. Furthermore, the level of nosZ transcripts was maintained at higher levels in pH 6.1 soil throughout the period of active denitrification, whereas in pH 8.0 soil, a rapid decline was observed (Liu et al. 2010) . However, more recent work on pure cultures of P. denitrificans suggests that relative transcription rates of nosZ versus nirS and norB were unaffected by pH, leading to the conclusion that the higher levels of N 2 O emitted from low pH cultures were due to lower levels of NosZ protein synthesis/assembly rather than transcription (Bergaust et al. 2010) .
THE ROLE OF SIGMA FACTORS IN REGULATING DENITRIFICATION
Sigma factors are used by many bacterial species as a mechanism through which the expression of a group of genes, which are usually functionally linked, can be controlled. Sigma factors are capable of controlling the expression of genes under their influence through their ability to enable transcriptional activation of specific gene promoters through recognition of the promoter region. This promoter recognition function requires the formation of a σ -bound RNA polymerase holoenzyme complex. The primary sigma factor of the bacterial cell, σ 70 , is responsible for the transcription of most essential and growth-related genes (reviewed in Feklístov et al. 2014) . Regarding denitrification, sigma factor σ 54 (encoded by the rpoN gene) was originally described as it is involved in the expression of nitrogen-regulated genes; since then many other physiological functions are related to this factor (Kustu et al. 1989) . One organism that requires σ 54 for anaerobic growth on nitrate is Ralstonia eutropha (formerly known as Alcaligenes eutrophus), suggesting that σ 54 is essential to regulate the expression of genes involved in denitrification in this organism ( Romermann et al. 1989) . The sigma-54 dependence of denitrification in this organism can be at least partly explained by the fact that R. eutropha uses a sigma-54 dependent regulator NorR to activate transcription of the nor operon (Pohlmann et al. 2000) . In contrast to this, a Pseudomonas aeruginosa rpoN mutant grows anaerobically on nitrate. However, σ 54 was shown to control diverse sets of genes, including those encoding glutamine synthetase, urease and flagellin (Totten, Lara and Lory 1990) . In P. stutzeri, analysis of the levels of Nar, Nir, Nor and Nos proteins in RpoN-null mutants showed that σ 54 affected both nitrite reductase and nitric oxide reductase activity, but not the transcription of their structural genes (nir and nor)-suggesting σ 54 plays a role in post-translational processes rather than at the level of gene expression (Härtig and Zumft 1998) . Interestingly, P. denitrificans encodes a σ 54 homologue (amongst other alternative sigma factors), and the potential role of this sigma factor in regulation of the denitrification apparatus is currently under investigation in the authors' laboratory.
THE EMERGING ROLE OF sRNAs IN REGULATION OF DENITRIFICATION
Another mechanism by which transcription of genes can be regulated that has been rather neglected in P. denitrificans and indeed, denitrifying bacteria more generally, is by using small RNAs (sRNAs). Bacterial sRNAs are an emerging class of regulatory RNAs which are approximately 40-500 nucleotides in length. sRNAs are able to repress the expression of target mRNA transcripts with which they share similar complementarity by either preventing translation or decreasing mRNA stability. sRNAs are also able to activate expression of gene targets via mRNA pairing. sRNAs often act to regulate multiple targets; this means that a single sRNA can globally modulate a particular physiological response to an environmental change, in a way analogous to a transcription factor reviewed in Papenfort and Vanderpool (2015) . sRNAs have been particularly well studied in enteric pathogenic bacteria such as Escherichia coli and Salmonella species. Indeed, an sRNA was recently shown to play a role in nitrogen metabolism in Salmonella, SdsN regulated the levels of the nitrate-and nitrite-responsive NarP transcription factor (Hao et al. 2016) . Some work has been done on describing the sRNA landscape in denitrifiers, perhaps most notably on P. aeruginosa, but mainly in the context of virulence (Gómez-Lozano et al. 2012) . A description of the sRNA complement expressed by in the marine denitrifier Ruegeria pomeroyi was described, however, again not specifically under denitrifying conditions (Rivers et al. 2016) . Recently, our laboratory has identified 167 putative sRNAs across the P. denitrificans genome specifically under denitrifying conditions. Figure 2 shows the putative sRNAs encoded on chromosome 2 on P. denitrificans. Importantly, 35% of these sRNAs were differentially expressed under high N 2 O and low N 2 O emitting conditions, suggesting that they may play a role in production or reduction of N 2 O. Use of target prediction software for the sRNAs suggested that the most commonly predicted targets were transcriptional regulators such as the Xre, Fis and TetR families, as indicated in Fig. 2 (Gaimster et al. 2016) . This finding was consistent with the work of other groups where global regulators are subject to regulation by multiple sRNAs (Lee and Gottesman 2016) . Additionally, many predicted targets of the sRNAs included proteins implicated in transport. Interestingly, this was the most commonly predicted target of sRNAs in R. pomeroyi. It is therefore possible that regulation of transporters may be a conserved role for sRNA across these related species. We therefore suggest that sRNAs might play a crucial role, via targeting transcriptional regulators or transporter proteins, in modulating the denitrification pathway of P. denitrificans and related denitrifying bacteria.
In addition, we have also recently sought to define the transcriptional landscape in P. denitrificans under high N 2 O and low N 2 O emitting conditions using differential-RNAseq (dRNAseq). dRNAseq differentiates between processed and unprocessed transcripts through treatment of one RNA library with a terminator exonuclease. This results in enrichment of primary transcripts, allowing us to identify individual −10 and −35 promoter motifs by characterising the first nucleotide of a transcript, known as the transcription start site (TSS) (Sharma et al. 2010) . From this dataset we have identified a number of N 2 Oresponsive TSS along the nos operon, and an additional N 2 Oresponsive promoter upstream of nosC, the first gene in the nos operon, which explains the differential expression of this gene in comparison to the rest of the operon as reported in Sullivan et al. (2013) . This points to a novel transcriptional regulator controlling this cluster, which we are currently characterising as part of our other investigations.
CONCLUSIONS AND OUTLOOK
This review sought to bring together the current knowledge regarding the role of transcriptional regulators in denitrification. Despite much diversity regarding the specific regulators and their roles across denitrifiers, important, and somewhat conserved, roles are played by members of the FNR/CRP super family of regulators. These regulators respond to a wide range of environmental signal in various ways, with the most important being oxygen and NO. Specific combinations of multiple transcriptional regulators are used by the different species of bacteria to induce a precise regulatory response. Although many of the individual characteristics of these regulators and other environmental factors involved in denitrification have been described, much remains to be done to fully elucidate how these regulators work in concert in the cell to create a functionally successful denitrifying phenotype.
Despite almost 20 years of intensive research on the biochemistry and modular nature of denitrification in P. denitrificans and other denitrifying bacteria, we still have many key questions that remain unanswered, regarding how environmental signals are integrated into the regulation of this organism, and the associated global transcriptional networks that mediate this rapid respiratory adaptation. These questions must be answered if we are serious about mitigating N 2 O from microbial origins.
New approaches and recently developed technologies are likely to be crucial in helped resolve some of the remaining unanswered questions highlighted throughout the review. Taking a transcriptomics-based approach has been useful in helping to define the entire regulon of a given transcription factor. For example, the regulon of the least well-studied transcriptional regulator in P. denitrificans NarR has been recently been defined using a microarray approach (Giannopoulos et al. in press) . In a narR strain, expression of nar and the nap nitrate reductases was downregulated, when compared to wild-type P. denitrificans. Additionally, expression of nir and nos was upregulated compared to wild-type P. denitrificans, as were the cycA and pazS genes encoding the electron transfer proteins cytochrome c550 and pseudoazurin, respectively. This transcriptome data suggest that NarR can serve to both induce (nar, nap) and repress (nir, nos, pasZ, cycA) components of the denitrification respirome, whereas previously this regulator was thought to only play a part in the regulation of narGHI (Wood et al. 2001) .
The recent discovery of nosZ clade II organisms (Jones et al. 2013 ) has potential to help further understand transcriptional regulation in denitrification. Understanding the environmental cues and transcriptional regulators that allow them to act as a sink for N 2 O in the soil (Jones et al. 2014) could potentially allow us to exploit them as a potential N 2 O mitigation strategy. It is also likely that organisms with a partial complement of denitrification genes and enzymes are important players in N 2 O production and consumption, reviewed recently by Hallin et al. (2018) .
In addition to these new techniques, work of some groups has recently taken a computational approach to understand the dynamics of gene regulation in denitrification. In a model of P. denitrificans, by suggesting all cells express nosZ, with only a small minority expressing nar and nir and nor, this can explain the transient accumulation of NO 2 − and N 2 O observed in cultures growing under denitrifying conditions (Hassan et al. 2016) . Furthermore, another recent modelling study reported that it is likely that delayed enzymatic reactions could be primarily controlled by transcriptional responses, highlighting the importance of regulators in denitrification (Song et al. 2017) . Continued use of new technologies will help generate a robust and comprehensive picture of the transcriptional organisation of the genome of P. denitrificans and other denitrifying bacteria under a range of physiologically and environmentally relevant conditions. This will in turn hopefully help inform future experiments of laboratories in the search to identify novel mitigation strategies to reduce N 2 O emissions. For example, it is possible to imagine a strategy whereby fertiliser components are carefully manipulated to ensure that crop yields remain high whilst reducing the amount of N 2 O emitted from the soil, perhaps by targeting expression of critical nodes in the regulatory cascades that controls denitrification and nosZ expression. An example of this based on our current studies (Sullivan et al. 2013; Gaimster et al. 2016) could be copper content of fertilisers. It will be also important to move these approaches from pure culture experiments to more realistic soil microcosm experiments, with the ultimate goal of applying this to real-world environments.
